Climate cycles may significantly affect the eruptive behavior of terrestrial volcanoes due to pressure changes caused by glacial loading, which raises the possibility that climate change may modulate CO 2 degassing via volcanism. In Iceland, magmatism is likely to have been influenced by glacial activity. To explore if deglaciation therefore impacted CO 2 flux, we coupled a model of glacial loading over the last ∼120 ka to melt generation and transport. We find that a nuanced relationship exists between magmatism and glacial activity. Enhanced CO 2 degassing happened prior to the main phase of late-Pleistocene deglaciation, and it is sensitive to the duration of the growth of the ice sheet entering into the Last Glacial Maximum (LGM), as well as the rate of ice loss. Ice sheet growth depresses melting in the upper mantle, creating a delayed pulse of CO 2 out-gassing, as the magmatic system recovers from the effects of loading.
Introduction
Evidence from several tectonic settings indicates that glaciated volcanic systems respond to changing ice volumes (Glazner et al., 1999; Jellinek et al., 2004; Jull & McKenzie, 1996; Maclennan et al., 2002; Rawson et al., 2016; Sigvaldson et al., 1992) and suggests there was a widespread volcanic response to late-Pleistocene ice retreat (Huybers & Langmuir, 2009 ). The most compelling evidence for climate-coupled volcanism comes from Iceland, where changes in early Holocene lava volumes and magma chemistry are consistent with depressurization during glacial unloading (Jull & McKenzie, 1996; Maclennan et al., 2002; Sinton et al., 2005) . Magma generation here occurs due to pressure-release melting, as the mantle upwells beneath rift zones. Although the net change in overburden pressures from variations in ice cover have been relatively small, the high rates of change associated with glacial activity can produce significant short-term fluctuations in magmatic output (Jull & McKenzie, 1996; Pagli & Sigmundsson, 2008; Schmidt et al., 2013) . Carbon readily partitions into magmas during partial melting (Rosenthal et al., 2015) and is released as a CO 2 -rich fluid/vapor as the magma ascends through the crust, making volcanism the primary pathway for transporting carbon from the Earth's mantle to the atmosphere (Dasgupta & Hirschmann, 2010) . However, carbon does not enter the melt uniformly during partial melting and is concentrated in early formed magma. Therefore, the extent to which glacially driven changes in primary magma generation alter the flux of CO 2 depends on where in the melting column melt production is enhanced (or suppressed), the rate of melt transport, and the history of ice sheet growth and retreat.
It is thought that CO 2 and the trace element Nb have a relatively similar behavior during decompression melting (Saal et al., 2002) , and as such Nb compositions can be used to gauge the quantity of CO 2 erupted. In Iceland there are just over 300 published dated analyses of the Nb composition of Pleistocene lavas (Eason et al., 2015; Gee et al., 1998) . This is arguably the most complete geochemical record of Nb compositions within a region that experienced significant Pleistocene deglaciation. In this study we take a new approach and use a high-resolution model of ice sheet history to drive a forward model of melt generation and transport and predict CO 2 degassing. We validate the model predictions against the seismic structure imaged below Iceland, and the observed crustal thickness. We subsequently explore under what conditions climate and magmatism might be related, and the implications for CO 2 degassing.
Methods

Modeling of Melt Generation and Transport
We develop a model of magma generation and transport coupled to a model of the flexure of a viscoelastic beam for the response to change in load due to the ice sheet history (see the supporting information). The
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Key Points: • We combine a new history of Icelandic ice cover with a forward model of magma generation • Peak mantle CO 2 flux is nonlinearly related to magmatic eruption rates • Icelandic CO 2 degassing likely peaked first at 60 ka and second with three pulses between 20 and 10 ka
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• Figure S1 (Harmon & Rychert, 2016) and the predicted S wave profile from the high permeability case. The model includes the addition of the adiabatic gradient, the anharmonic effects from the mineralogy, and effects of attenuation (Goes et al., 2012) . The dashed line assumes melt has no effect; the solid line includes a 7.9 % reduction in V S per percent melt (Hammond & Humphreys, 2000) . (c) S wave velocity predictions for the low-permeability case.
coupled model consists of a flexural model of the surface displacement due to the changing surface load as the ice sheet changes in thickness. This model of surface displacement is then coupled to either a 1-D vertical column or a 2-D corner flow model where the flow of the mantle is prescribed at either an upwelling rate of 10 or 20 mm/year or lateral spreading rate of 10 mm/year. We use these two upwelling rates to cover the uncertainty in the exact rate of vertical ascent the mantle below Iceland due to mantle buoyancy. The upwelling column is perturbed by the displacement due to loading, where the viscoelastic decay time of the load is set to 1,000 years. The upper surface of the melting model is held at 30 km to be consistent with the Moho depth, which is in the range of 20 to 40 km below Iceland (Jenkins et al., 2018) . Carbon partitioning into the melt is assumed to be governed by the coefficients derived by Rosenthal et al. (2015) . We use a mantle source composition for Nb of 1.627 ppm, which is intermediate between the end-member sources for Icelandic melts identified by Shorttle and Maclennan (2011) . To approximate the melting of the multiple source lithologies, we chose a solidus-depletion gradient of 600 • C, which is intermediate between that of melting experiments on depleted mantle, 900 • C (Wasylenki et al., 2003) and fertile mantle 300 • C (Scott, 1992) .
To constrain permeability, we examined the effects of varying the permeability coefficient on the seismic properties of the mantle produced by our 1-D model. The thermal structure and porosity was converted to S wave velocities, assuming that melt reduces the velocity by 7.9% per percent porosity (Hammond & Humphreys, 2000) and including the effects of attenuation (Goes et al., 2012) . Recent joint inversion of teleseismic and ambient noise Rayleigh waves in Iceland would suggest that the S wave velocity is between 4 and 3.8 km/s at depths of 50 to 150 km (Harmon & Rychert, 2016 ; Figure 1 ). We find that the permeability coefficient, k 0 , needs to be relatively high (10 −5 m 2 ) giving a permeability, k = k 0 3 (where is porosity), of the order of 10 −14 m 2 ( ≈ 0.001; Figure 1 ), because otherwise porosity would be too large and the S wave velocity would decrease below the observed values. This permeability is an order of magnitude higher than the upper range used to explore how sea level change might influence mid-ocean ridge magmatism (Burley & Katz, 2015; Crowley et al., 2015) and suggests rates of magmatic ascent of the order of 10 m/year, in agreement with Maclennan et al. (2002) . Previously, it has been suggested that delays in signal propagation from the zone of partial melting at mid-ocean ridges to the surface might be of the order of a Milankovitch-scale period, 40 kyr (Huybers & Langmuir, 2017) . However, the high permeability required to match the seismic observations from Iceland implies a magmatic system that much more rapidly responds to change in melting conditions, consistent with the fast transport rates estimated from U-series isotope studies (Elliot & Spiegelman, 2014) . 
Glacial Forcing Throughout the Pleistocene
Iceland experienced extensive ice cover during the last glacial period (Patton et al., 2017) , with maximum thicknesses in the center of the island of ∼ 2 km attained by ∼23 ka (Figures 2a and 2b) . Deglaciation after the LGM occurred at a varying rate and was discontinuous. For example, a stage of readvance occurred during the colder climate of the Younger Dryas (11.7-12.9 ka; Nordahl & Ingólfsson, 2015) . The final phase of deglaciation was particularly rapid, with the main volcanic zones being largely ice free by ∼10 ka (Figure 2a ). The most uncertain period of the glacial history is the pre-LGM growth of the ice sheet. To create the ice sheet histories shown in Figures 2b and 3a , we calibrated the ice volume since the LGM against the North Greenland Ice Core Project 18 O record, and Quaternary sea level curves assuming a linear correlation between these three signals (see Text S1). We focus on two scenarios: M1, based on the ICE-5G sea level curves (Peltier, 2004) , and M2, based on the sea level curves of (Pico et al., 2017 ; Figure S2 ).
Results
Effect of Glacial Loading and Unloading
We force our melt model with the 120-ka glacial history after a 5-Myr model windup to steady state (model M1; Figure 2b ) and using a single value for the ice thickness at each time step, therefore neglecting the effects of the distal parts of the ice sheet on melting beneath the rift margins. The impact of deglaciation events is modulated by the upwelling rate of the solid mantle because the upwelling rate controls the background productivity of the melting model. At slower upwelling rates, that is, 10 mm/year, some periods of deglaciation are not recorded in the flux of magma erupted. An example of this is the warming event at 60 ka (Figure 2) , where the 10 mm/year upwelling model produces no response in either the eruption rate or CO 2 flux. If however upwelling is more rapid, 20 mm/year, then there is a clear pulse in melt eruption rate (Figure 2 ). For a more productive scenario, there is increased shallow melting. The displacement imposed by the flexural response to unloading dissipates with depth. Therefore, if melting is productive and hence shallow it will feel the effects of the unloading to a greater extent when compared to a less productive melting system. Furthermore, when productivity is low, the porosity is low, and the rate of vertical melt flow is slow such that a pulse in melt production will not reach the surface rapidly.
The magnitude of CO 2 flux peaks is not linearly related to the magnitude in eruption rates (Figure 2d ). For example, in the 20 mm/year upwelling rate model, the largest CO 2 peak is estimated to occur at ∼60 ka and not during the volumetrically larger magmatic pulse at the end of the Pleistocene (Figure 2d ). This difference is because when the ∼60-ka warming occurred, the melt was enriched in carbon due to the preceding rapid glaciation. Magma supplied from the mantle during the Late-Pleistocene pulse was more depleted in carbon compared to those in the 60-ka event. The implication of this result is that volumetrically small volcanic events might have just as a strong influence on CO 2 degassing as the more significant periods of volcanic eruptions and the magnitude of CO 2 degassing is dependent on the history of glacial forcing.
Glacial Forcing Through the Latest Pleistocene and Holocene
During the last 40 ka, our model suggests that CO 2 flux is highly dependent on the glacial forcing. There are two distinct late-Pleistocene magmatic pulses, separated by the Younger Dryas cold period (Figures 3a  and 3b ). However, for the model M2 ice sheet history there are three pulses in CO 2 flux at the end of the Pleistocene, due to the faster ice sheet growth entering the LGM from 35 to 25 ka in this model (Figures 3a  and 3e ). This peak in CO 2 flux is because the small magnitude but rapid deglaciations after 25-ka tap melts rich in trace elements including Nb and carbon (Figures 3c and 3d ).
The observed time series of incompatible trace element concentrations in Icelandic magmas and ice sheet history have been suggested to be strongly associated (Eason et al., 2015; Gee et al., 1998; Jull & McKenzie, 1996; Maclennan et al., 2002; Sinton et al., 2005) . Of these studies Gee et al. (1998) and Eason et al. (2015) report on the Nb composition of lavas erupted and give age ranges for the erupted lavas. Dating lava flow in Iceland is complex, given the lack of reliable markers from which ages can be obtained. This means that ages are instead typically taken from the morphology and tephrochronology of erupted flows (Maclennan et al., 2002) . Following the work of Maclennan et al. (2002) , we bin the reported Nb compositions into three major periods: glacial (>12 ka), early postglacial (between 12 and 7 ka), and recent (<7 ka). The reduction in Nb compositions plotted is in line with the trends observed within the smaller sample size of La and Sm compositions presented in Maclennan et al. (2002) and is therefore likely robust.
We find that the predicted change in Nb from all our models fits within the range of the observations (Figure 3c ). The M2 model gives the strongest signature in Nb concentrations of deglaciation during the end of the Pleistocene, while the signature is more subdued in the M1 ice sheet model (Figure 3c) . The 1-D forward model used is highly idealized, and yet the agreement between the observations and model is encouraging and suggests the compositional change observed in lavas erupted during the late-Pleistocene to early Holocene is due to rapid deglaciation ( (a) Nb concentrations from the center of extension out to 60 km from the center of extension. The mean concentration weighted by the eruption rate is plotted as the thick black line. (b) Predicted CO 2 flux from the series of vertical melting models. The late-Pleistocene eruptions are typified by tuya magmatism. This will have been the case up until at least ∼14 ka, where either magmatism was suppressed or when eruptions occurred, they will have been beneath at least 1 km of ice cover (Hartley et al., 2016) . The suppressed melting regime will have become carbon rich because the shallow low-C melt production is damped due to the ice sheet loading. Upon deglaciation there is increased volcansim, which initially taps the melt rich carbon. Sinton et al., 2005) . This implies that the observed change in melt composition is due to change in ice sheet loading and that the predeglaciation volcanism likely released a significant volume of CO 2 (Figure 3e ).
The 1-D column model will underestimate the impact of change in deep melt productivity, as it cannot capture the deep wings of the zone of partial melting. To explore the impact of this, we force a series of 1-D models with the vertical flow taken from steady state corner flow perturbed by the flexural response of the deglaciation of a 200-km-wide ice sheet. The half spreading rate is assumed to be 10 mm/year, and the mantle potential temperature is 1,450 • C. Melt travels vertically from the zone of partial melting in columns 10.1029/2019GL081955 at 0 to 80 km from the rift axis ( Figure 4) . The steady state thickness of melt erupted at the surface of the simplified 2-D model is 20 km ( Figure S4 ), and glacial forcing causes this thickness to vary around this value by the order of 10 km except for a large spike at the LGM. The crust of Iceland varies in thickness from 20 to 40 km (e.g., Jenkins et al., 2018) , and therefore, a model steady state thickness of 20 km is a reasonable lower end-member prediction given that the crust is made of both extrusions and intrusions.
After glacial perturbation we find that in the central zone, from the ridge center to 40-km distance, the trend in Nb and CO 2 flux is relatively similar, with a reduction in Nb at 15 ka. At distances greater that 40 km, a peak in Nb and CO 2 flux is predicted to occur with an increasing delay compared to the center of extension (Figure 4) . This delay is due to the greater distance that the melt has to travel along the vertical path from the top of the melt zone to the surface at increasing distance from the center of extension. In full 2-D models the distal melt will pool as it migrates laterally toward the center of extension (Katz, 2008 ), yet the difference in ascent velocity due to the increase porosity as the melt pools would likely not be sufficient to overcome the increased distance that the signal will have to travel.
The full solution to the coupled equations of magma dynamics would suggest that melts generated at a distance of up to 60 km from the center of extension are advected to the ridge axis (Katz, 2008) . If all of the melt generated up to 60 km from the center of extension is erupted, then the CO 2 flux is significantly increased during the Holocene due to the addition input of melt from the distal parts of the zone of partial melting (Figure 4b ). Therefore, these low productivity and deep regions of the zone of partial melting might be a key exporter of mantle carbon into the atmosphere. However, the range of observed Nb concentrations is relatively similar to the axial concentrations, from within <40 km of the rift center (Figure 4 ). This would suggest that the widest regions of the zone of partial melting are not sampled by the volcanism in the Reykjanes Ridge and Western Volcanic Zone, leading to an estimate of CO 2 fluxes more in line with the simpler 1-D model.
Discussion and Conclusions
The models imply that the deglaciation beginning at 18 ka and continuing through the Bölling warming at 14.8 ka released substantial quantities of CO 2 when compared to the last 120 ka (Figures 3c and 4b) , and this elevated CO 2 release was because of the preceding growth of the ice sheet. Volcanism during this time would have taken place in a subglacial environment and unsurprisingly does not feature in the postglacial subaerial record. Evidence from subglacial volcanic units (tuyas) erupted during this time period (Hartley et al., 2016) suggests volumetric and compositional trends consistent with those predicted by our model (Figures 3c and 4 ).
Forcing our model with the long-term 120-ka ice sheet history produces a periodic fluxing of CO 2 from Icelandic volcanoes due to ice loss events over this period, implying a close link between ice dynamics and magmatic out-gassing. The greatest release of CO 2 , however, occurred during the period of ice loss just before the Younger Dryas (∼14 ka), and therefore before the largest phase of late-Pleistocene deglaciation (Figure 4) . The concentration of CO 2 released in this magmatic pulse was enhanced due to the lack of any significant loss of ice volume since ∼40 ka. This created a magmatic system capable of fluxing large volumes of carbon during the initial period of post-LGM deglaciation (both models M1 and M2; Figure 3e ), possibly contributing to the increased atmospheric CO 2 levels thought to be recorded between 15 and 14 ka in the EPICA Dome C ice core (Köhler et al., 2011) . It is therefore possible that this pulse of magmagenic CO 2 , from Iceland and elsewhere (e.g., Huybers & Langmuir, 2009 ), bolstered the climate warming, and final phase of deglaciation that proceeded the Younger Dryas.
The CO 2 flux due to deglaciation is strongly influenced by the ice sheet history. Mantle CO 2 flux does not follow a linear relationship with eruption rates: large peaks in CO 2 are also predicted for periods in time when the volume flux is not very high (Figures 2d and 3e ). In effect we cannot conclude that all deglaciation events, or other rapid unloading events due to, for example, erosion (e.g., Sternai et al., 2016) , lead to a large flux of volatile gasses into the Earths atmosphere.
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Supporting Information
A detailed discussion of the methodology can be found in the supporting information.
